Abstract: This study focuses on the evolution of microstructure and mechanical properties following thermomechanical processing of FeMnAlNi superelastic alloys. For Fe43.5Mn34Al15Ni7.5, which is an eligible candidate for superelastic applications, the effects of substituting ± 1.5 at. % Al with Ni were analyzed. The ingots were subjected to five thermomechanical processing steps: (i) hot rolling; (ii) annealing; (iii) cold rolling; (iv) cyclic heat treatment under protective Ar atmosphere and (v) solution treatment and ageing. The evolution of microstructure following the five processing steps was monitored by optical and scanning electron microscopy and energy dispersive spectroscopy. Micro-hardness evolution was monitored during consecutive processing steps. Tensile specimens were cut by spark erosion and mechanical properties were evaluated following consecutive processing steps taking into account the microstructural evolution.
Introduction
Pseudoelasticity was defined as a non-linear spring-back during isothermal unloading. Superelasticity (SE) firstly involved the presence of at least one obvious force (stress) plateau on the unloading path of a loading-unloading curve leading to isothermal recovery strains up to 25 % [1] . The superelastic plateau can be reduced to an inflection point, which dilutes the difference between pseudoelasticity and superelasticity.
From a microstructural point of view, SE is governed by a thermoelastic reversible stressinduced martensitic transformation (martensite plates continuously grow during isothermal loading and continuously shrink back during isothermal unloading). In order to observe a thermoelastic martensitic transformation, an alloy must have a parent phase (austenite), which is reinforced by high crystallographic ordering or by coherent precipitation. [2] .
The most representative superelastic alloys are TiNi based (Nitinol), which are successfully used in minimal invasive surgery, as arthroscopic wires or coronary stents and in dentistry as orthodontic brackets [3] . However, the price of Nitinol and its limited thermal stability urged the investigation of other superelastic alloys [4] .
From the SE point of view, in the last decades two major findings regarding iron base SMAs were reported: (i) "huge" SE was obtained in textured Fe40.95Ni28Co17Al11.5Ta2.5B0.05, with recoverable strains as large as 13 % and loading stress plateaus of 800 MPa [5] and (ii) oligocrystalline Fe43.5Mn34Al15Ni7.5 alloy experiencing almost perfect SE behavior over a temperature range of -150 … +150 0 C with very small changes of the critical stress for martensitic transformation [6] . Thus, Fe-based SMAs are well suited for potential large scale seismic applications in civil engineering promoted by their increased cost efficiency [6] . High amounts of relatively cheap elements, such as iron, and the possibility of using established processing routes of the steel industry make Fe-based SMAs very promising. Both superelastic Fe-base alloy systems are strengthened by the formation of coherent precipitates that impede the matrix from being plastically deformed during loading and therefore promote good superelastic properties [7] .
The originating phases of SE behavior are different for the two above mentioned alloys: (i) for FeNi based alloys, e.g. FeNiCo(Al)Ti [8] or FeNiCoAlTa [9] , SE is associated with the formation of thermoelastic α'-body centered tetragonal (bct) stress induced martensite in a γ-face centered cubic (fcc) austenite matrix, which is reinforced by the coherent precipitation of ordered γ' (Fe, Ni, Co)3(Al, Ta) [10] ; (ii) for FeMn based alloys, e.g. FeMnAlNi or FeMnAlNiTi [11] , SE was ascribed to the reversible stress-induced formation of thermoelastic γ'-fcc SIM from α-body centered cubic (bcc) austenite, strengthened by coherent precipitation of ordered β-NiAl-bcc [12] . Besides the necessity of matrix strengthening by coherent precipitates, superelastic alloys need to be oligocrystalline such as to avoid triple junctions between grains, in order to improve reversibility and suppress grain boundary constraints during loading [13] .
An oligocrystalline "bamboo-type" structure, characterized by a relative grain diameter larger than one [14] , (the ratio between average grain size and specimen thickness or width), was obtained in the case of a Fe43.5Mn34Al15Ni7.5 alloy, after cyclic heat treatment (CHT), i.e. as a result of a discontinuous phenomenon called abnormal grain growth (AGG) [15] . During CHT, AGG occurs in particular grains that grow faster by consuming surrounding smaller grains [16] . The formation of the semi-incoherent γ-phase is vital for AGG. The precipitation of γ-phase results in a misfit between the γ-phase and the parent α-phase. From this, intrinsic driving forces for grain growth evolve [15] .
Beside the influence of the grain size, a strong texture is favorable for a good pseudoelastic performance. This is due to the high anisotropy of Fe-Mn-Al-Ni leading to large differences in critical stress, maximum transformation strain and recoverability [18, 19] . In this regard, it was shown that wire drawing seems to have a positive impact on the texture in loading direction even after AGG [14, 20] . However, taking into account large scale applications, a sufficient heat treatment procedure is needed in order to adjust the grain size and texture in larger parts. Up to now, it is not clear if a complex thermomechanical heat treatment consisting of hot rolling, cold rolling and abnormal grain growth are suitable to obtain strongly textured sheets with a suitable grain size and if any critical issues may occur during processing, respectively. This paper aims to: (i) characterize the microscopic and macroscopic changes, induced by slight substitutions (±1.5 at. %) of Al with Ni around "classic" composition Fe43.5Mn34Al15Ni7.5 and (ii) to discuss processing effects on the structure and mechanical properties of the alloys in focus.
Materials and Methods
Three groups of cylindrical ingots were melt in a FIVES CELES cold crucible induction furnace, cast into copper molds and roughly machined to ϕ 18 x 40 mm. Their nominal chemical compositions are listed in Table 1 . The ingots were longitudinally cut by wire spark erosion. Four central parallelepipedic fragments were obtained, which were thermomechanically processed, passing through the five consecutive states, designated as: (i) HR, hot rolling at 1060 0 C, with 43.75 -70 % thickness-reduction;
(ii) A, annealing at 900 0 C/ 1h/ water quenching (WQ) in order to introduce ductile γ phase; (iii) CR, cold rolling with 60 -92.7 % thickness-reduction for texturing; (iv) TT1, CHT repeated five times, 1200 0 C/ 0.5 h/ Ar cooling (in direct gas flow) in order to obtain AGG and (v) TT2, solution treatment + aging to bet a suitable microstructure shown good superelastic properties. The thermomechanical procedure is shown in Figure 1 . Similar heat treatment procedures were already used by Omori et al. [16] and by Tseng et al. [17] . Hot rolling (HR) was performed with an experimental roller with a power of 800 W and a furnace heated up to 1060 0 C without protective atmosphere. The rolling rate was set to 0.194 m/s and immediate reintroduction of the hot rolled specimen into the furnace is known to avoid coolinginduced cracking. After the final hot rolling pass, the specimens were slowly cooled at 200 0 C. The thickness-reduction degrees were 43.75 %/ 1 pass and 70 %/ 2 passes. It has to be noted that cracks with serrated edges and small penetration depth were observed after hot rolling.
After annealing (A), performed without protective atmosphere, any marks of cracking and surface oxidation were mechanically removed and the edges were straightened by grinding.
Cold rolling (CR) was done on a DC Quarto Rolling Mill, with deformation degrees between 60-92.7 %, force variations vs. time being recorded by transducers (load cells). By applying deformation degrees of 92.2-92.7%, 80-cm long strips were obtained. With increasing the number of cold rolling passes, the deformation degree increased and so did initial ingots-rolling force. Figure 2 shows the examples of the variation of rolling forces and deformation degrees upon subsequent rolling steps.
TT1 state, comprising five CHT cycles and TT2 state, comprising solution treatment and ageing, were obtained by means of a NABERTHERM RS 80/300/13 gas tight hinged tube furnace, cooling being achieved by continuous Argon gas flow. At the end of the solution treatment, the furnace was unsealed for the specimen to be water quenched.
By wire spark erosion, dog bone specimens were cut with gauge dimensions of 3×2×0.7 mm³. Tensile and incremental strain tests were conducted on an INSTRON 3382 testing machine.
Samples of each processing state (HR, A, CR, TT1 and TT2) from each of the three alloy systems were metallographically prepared for optical microscopy (OM) and scanning electron microscopy (SEM), the latter including energy dispersive spectroscopy (EDS) and electron back scattering diffraction (EBSD). For OM, the specimens were ground and automatically polished on a METKON FORCIPOL 1V machine, before being heated to about 50 0 C, with a hot-air gun, and etched with a solution of 8.5 % CuSO4, 8.5 % H2O, 33 % CH3-CH2-OH and 50 % HCl. For SEM, samples were ground down to 5 µm grit size and finally vibration-polished using colloidal SiO2 suspension with 0.02 µm particle size.
Results and Discussion

Structural Analysis
The impact of the different chemical compositions on the microstructure is already obvious by the OMs of each initial condition (as-cast) shown in Figure 3 . All conditions exhibit an α + γ two phase microstructure. However, the γ -fcc phase in the Ni lean condition, shown in Figure 3 (b) occupies a much smaller volume fraction in comparison to the "classic" composition, shown in Figure 3(a) . Moreover, the γ phase mainly decorates the α grain boundaries, as illustrated in the inset of Figure 3(b) . In contrast, a much finer γ -fcc phase morphology with a higher volume fraction is seen in the Ni rich condition shown in Figure 3(c) . It can be assumed that the enrichment of Al in the Ni lean condition leads to a stabilization of the α -bcc phase, whereas the decrease of the Al content in the Ni rich condition leads to a γ -fcc phase stabilization, which is good agreement with CALPHAD calculations by Omori et al. on Fe-Mn-Al [6] .
The microstructure after HR for the Fe43.5Mn34Al15Ni7.5 specimen, shown in Figure 4 (a), comprises α -bcc grains with an average size of about 500 µm, with acicular γ -fcc precipitates, observed along grain boundaries. The volume fraction and morphology of γ -fcc phase can be related to the HR temperature of 1060°C which was chosen slightly below γ solvus temperature, in order to prevent crack formation during processing [7, 16] . Moreover, it was already reported that γ phase starts to nucleate at the α grain boundaries during slow cooling [7] . The microstructure of the Ni lean composition, Figure 4 (b), reveals a highly deformed microstructure. Similar to the "classic" composition, α grains with grain boundaries decorated by γ phase were found in the inset of Figure 4 However, the gamma phase volume fraction appears to be much smaller, probably due to the higher Al content leading to a decreased gamma solvus temperature [6] . In contrast, the gamma volume fraction, in the Ni rich condition, shown in Figure 4 (c), is comparatively high and α grains are hardly observable. In all chemical compositions O2 contamination was noticed at the edge of the specimens, most likely due to the processing without protective atmosphere. However, EDS measurements revealed that the contamination did not exceed 100 μm in depth. Therefore, the surface layer was mechanically ground after annealing in order to remove the contaminated surface.
It is shown in Figure 5 that the microstructure after annealing is composed of grains, containing a high fraction of γ -fcc phase. Figures 5 (a) , (b) and (c) it is obvious, that the γ -fcc phase morphology for the Ni-lean alloy appears to be much finer in the annealed state, while the volume fraction appears to be relatively similar in all three alloys in the A condition. This may be attributed to the higher frequency of nucleation sites for gamma phase upon the heating from a nearly pure alpha phase in the Ni lean condition [16] . OM characterization of the specimens in CR state revealed differences between the microstructures of the three alloy systems, as shown in Figure 6 . It is obvious that the CR specimen of Fe43.5Mn34Al15Ni7.5, Figure 6 (a), exhibits a fibering structure, which is less visible in Fe43.5Mn34Al16.5Ni6, in Figure 6 (b), and Fe43.5Mn34Al13.5Ni9, Figure 6 (c). The fibering is known to be related to the evolution of Goss texture in Mn steels [21] . Therefore, the evolution of fibering structure, during consecutive CR passes, was further evaluated based on the OM micrographs for the Fe43.5Mn34Al15Ni7.5 specimens, where the evolution of the average spacing between fibers was measured. It can be deduced from Figure 7 that the space of fibers decreases with increasing the deformation degree. Since the deformation degrees of all chemical compositions is slightly different, it is not clear if the different microstructures in Figure 6 are resulting from the different deformation degrees or the different chemical compositions. Detailed analysis of the influence of chemical composition on fibering will be subject of further studies. In TT1 state a CHT between 1200°C and room temperature was applied in order to obtain AGG. However, as it can be observed in Figure 8 , an unusual microstructure consisting of two different phases evolves in all three chemical compositions. In the "classic" composition shown in Figure 8 (a) as well as in the Ni lean and Ni rich compositions, Figure 8(b, c) , a high fraction of globular shaped secondary phase is seen imbedded in α grains. EBSD measurements summarized in Figure 9 revealed the fcc crystal structure of the globular grains. In addition, the Fe43.5Mn34Al13.5Ni9 specimen displays several twins inside the secondary phase, Figure 8(c) . In the Ni lean condition from Figure 8(b) , the volume fraction of the fcc phase is smaller, again thought to be affected by Al as an alpha-phase stabilizer. Since the formation of a globular fcc secondary phase, during AGG, has never been reported before, for Fe-Mn-Al-Ni, an additional heat treatment at 1200°C for 1h was applied in order to dissolve the undesirable fcc phase. The EBSD measurements in Figure 9 reveal that the classical composition and the Ni rich composition, in TT2 condition, show only small microstructural changes, as compared to the TT1 state shown in Figure 8 . It is important to note that, according to EDS measurements, the actual chemical composition of the samples does not markedly deviate from the nominal composition, e.g. Fe42.79-43.71Mn33,58-34.73Al14.97-15.62Ni7.18-7.45, for the classical alloy. However, from Figure 9 (c) and (d) it is obvious that the gamma phase is partially dissolved, in the Ni lean condition. In this condition, the grain size was determined to be around 0.42 mm, which is still similar to the initial state. In consequence, it is very likely that the globular phase has a detrimental effect on abnormal grain growth during cyclic heat treatment. Up to now, it is not clear, which elementary mechanism promotes the formation of the globular fcc phase. However, the current results reveal that the globular fcc phase is strongly stabilized, since it was not or only partially dissolved during the solution treatment. Since the gamma phase in this system can be dissolved at temperatures above 1157°C [15] , it is expected that the nature of the globular secondary phase is different to the wellknown "classic" γ phase in the FeMnAlNi system. Moreover, it seems like the globular fcc phase strongly hampers the AGG, since abnormally grown grains were only scarcely observed. In order to investigate if the intended texture is present after cold rolling, the EBSD measurements were evaluated in terms of texture intensities. Figures 9(a, c and e) show the inverted pole figure (IPF) texture plots for the alpha phase for all of the three conditions in the rolling direction. It is obvious that all states are characterized by preferred <101> / <112> orientations. However, the absolute value of texture differs between all conditions, which is likely to be related to the different deformation degrees during cold rolling. In addition, it should be noted that the measurements are not representative due to the small number of alpha grains in all conditions. A more precise correlation between deformation degree and texture evolution will be the focus of a further study
By comparing
Mechanical Properties
As the conducted heat treatments did not lead to significant changes in terms of relative grain size, only the initial three conditions were characterized in terms of mechanical properties. These tests were performed in order to evaluate important characteristics regarding the workability of the different stages. The evolution of average micro-hardness (under a load of 100 g, mHV100, med) during the first three processing steps is summarized in Table 2 . From Table 2 it is obvious that annealing (A) induced softening due to the occurrence of high gamma phase fractions, while cold rolling (CR) caused work hardening. The alloy with the "classic" chemical composition, Fe43.5Mn34Al15Ni7.5, displayed the largest micro-hardness values, as compared to those with ± 1.5 at. % change in Al and Ni, for each of the three processing states. The low micro-hardness values after HR in the Fe43.5Mn34Al13.5Ni9 can be rationalized based on the high fraction of gamma phase in this condition, which is similar to the annealed state. In order to investigate the impact of the different processing steps on the mechanical behavior of the three alloys, tensile tests were performed up to fracture. Representative stress-strain curves are shown in Figure  10 for all three alloys in the HR, A and CR conditions. For all alloy systems the annealed state (A) exhibited most ductile behavior and necking while the cold rolled state (CR) exhibits pronounced work hardening. In addition, Fe43.5Mn34Al15Ni7.5 displays the largest values for failure stress in CR state and failure strains in HR and A states. The HR state and A state of the Ni rich alloy reveal similar mechanical properties. This is consistent with the similar microstructure of both conditions shown in the structural analysis before. Generally, it becomes obvious that the annealing process and the accompanied formation of high gamma phase fractions leads to an enhanced ductility in the alloy system making high deformation degrees in the cold rolling process possible.
Summary and Conclusions
Five thermomechanical processing steps, comprising (i) hot rolling (1060 0 C); (ii) annealing (900 0 C/ 1h/ WQ); (iii) cold rolling (up to 92 % thickness reduction); (iv) cyclic heat treatment around solvus temperature (1200 0 C/ 0.5 h/ air, to room temperature, repeated five times) and (v) solution treatment (1200 0 C/ 1 h/ WQ) and ageing (200 0 C/ 3 h/ WQ), were applied to FeMnAlNi in order to obtain suitable microstructures resulting in an enhanced superelastic behavior. The evolution of microstructure and mechanical properties, during the five steps, was discussed while considering the effects of the substitution of ± 1.5 at. % of Al with Ni. The following conclusions can be drawn:
The microstructure has been two phases, for all of the chemical compositions and processing steps. The α -bcc phase was stabilized in the Ni lean condition due to the higher amount of Al, whereas gamma phase formation was supported in the Ni rich condition, as compared to "classic" Fe43.5Mn34Al15Ni7.5.
Oxygen contamination after hot rolling without protective atmosphere can be completely removed by mechanical grinding.
Annealing caused the formation of fine γ -fcc phase which could be related to the enhancement of plasticity. The γ phase refinement was more prominent in Ni-lean specimens.
After cold rolling an obvious fibering structure was observed in "classic" Fe43.5Mn34Al15Ni7.5, the average spacing between fibers displaying a decreasing tendency with the augmentation of deformation degree.
Cyclic heat treatments under argon gas flow caused the formation of globular γ -fcc grains, which strongly impeded abnormal grain growth. Moreover, the globular γ phase were strongly stabilized, since it can hardly be dissolved by an additional solution treatment at 1200°C.
Future work will focus on the influence of the different chemical compositions on the occurrence of texture and abnormal grain growth in order to obtain conditions suitable for good SE responses. 
